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(57) ABSTRACT 
A metamaterial for a radio frequency communications appa 
ratus is disclosed. The metamaterial can comprise a flex cir 
cuit and an array of circuit elements mounted on the flex 
circuit. Each of the circuit elements can comprise a conduc 
tive trace and at least one hybrid component electrically 
coupled to the conductive trace. 
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1. 

METAMATERAL FOR ARADO 
FREQUENCY COMMUNICATIONS 

APPARATUS 

TECHNICAL FIELD 

This invention relates to radio frequency (RF), microwave, 
and millimeter-wave communications. More particularly, this 
invention relates to a metamaterial for an RF communications 
apparatus. 

BACKGROUND 

Metamaterials are artificial materials engineered to have 
properties that may not be found in nature. Metamaterials can 
gain their properties from structure rather than composition, 
using Small inhomogeneities to create effective macroscopic 
behavior. 
A dielectric is an electrical insulator that can be polarized 

by an applied electric field. When a dielectric is placed in an 
electric field, electric charges do not flow through the mate 
rial, as in a conductor, but only slightly shift from their aver 
age equilibrium positions causing dielectric polarization. 
Due to dielectric polarization, positive charges are displaced 
toward the field and negative charges shift in the opposite 
direction. If a dielectric is composed of weakly bonded mol 
ecules, those molecules not only become polarized, but also 
reorient so that their symmetry axis aligns to the field. 

Magnetic permeability is the measure of the ability of a 
material to Support the formation of a magnetic field within 
itself. Stated differently, the magnetic permeability of a mate 
rial is the degree of magnetization that a material obtains in 
response to an applied magnetic field. The reciprocal of mag 
netic permeability is magnetic reluctivity. 

SUMMARY OF THE INVENTION 

One aspect of the invention relates to a metamaterial for a 
radio frequency communications apparatus. The metamate 
rial can comprise a flex circuit and an array of circuit elements 
mounted on the flex circuit. Each of the circuit elements can 
comprise a conductive trace and at least one hybrid compo 
nent electrically coupled to the conductive trace. 

Another aspect of the invention relates to a radio frequency 
communications apparatus including an artificial dielectric 
material. The artificial dielectric material can comprise a 
plurality of layers of flex circuit that are stacked relative to 
each other. Each layer of flex circuit of the plurality of layers 
of flex circuit can include an array of circuit elements 
mounted thereon. Each circuit element of the array of circuit 
elements can comprise conductive traces that are separated by 
a gap and extendlinearly and a hybrid component mounted in 
the gap to electrically couple the conductive traces. The arti 
ficial dielectric material is configured to define a plurality of 
unit cells that define per unit volume performance character 
istics of the artificial dielectric material. 

Yet another aspect of the invention is related to a method 
for fabricating a layer of metamaterial for a radio frequency 
communications apparatus. The method can comprise pro 
viding a flex circuit. The method can also comprise arranging 
an array of circuit elements to electrically couple at least one 
hybrid component to a conductive trace in each circuit ele 
ment to provide at least one of a predetermined relative 
dielectric constant and a predetermined relative magnetic 
permeability for the metamaterial. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a plan view of an example of a metama 
terial. 

FIG. 2 illustrates a plan view of an example of an artificial 
dielectric material. 
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2 
FIG.3 illustrates a cross sectional view of an example of an 

artificial dielectric material. 
FIG. 4 illustrates a perspective view of another example of 

an artificial dielectric material. 
FIG. 5 illustrates a schematic diagram of an example of an 

operational amplifier circuit for a hybrid component. 
FIG. 6 illustrates a schematic diagram of another example 

of an operational amplifier circuit model for a hybrid compo 
nent. 

FIG. 7 illustrates an example of a unit cell of an artificial 
dielectric material. 

FIG. 8 illustrates an example of a graph that plots refractive 
index as a function of frequency for a metamaterial. 

FIG. 9 illustrates an example of a graph that plots attenu 
ation as a function of frequency for a metamaterial. 

FIG. 10 illustrates another example of a unit cell of an 
artificial dielectric material. 

FIG.11 illustrates an example of a plan view of an example 
of a unit cell for a tunable artificial dielectric material. 

FIG. 12 illustrates an example of a cross sectional view of 
the unit cell illustrated in FIG. 11. 

FIG.13 illustrates a plan view of an example of an artificial 
magnetic material. 

FIG. 14 illustrates an example of a circuit model for a unit 
cell for an artificial magnetic material. 

FIG. 15 illustrates a plan view of another example of a 
metamaterial. 

FIG. 16 illustrates a plan view of an example of a unit cell 
for a metamaterial. 

FIG. 17 illustrates a cross sectional view of the unit cell 
illustrated in FIG. 16. 

FIG. 18 illustrates a plan view of another example of a unit 
cell for a metamaterial. 

FIG. 19 illustrates a cross sectional view of the unit cell 
illustrated in FIG. 18. 

FIG. 20 illustrates an example of an anti-jamming system 
for a radar system that employs a metamaterial. 

FIG. 21 illustrates an example of a phased array that 
employs a metamaterial. 
FIG.22 illustrates an example of a flow chart of a method 

for fabricating a metamaterial. 

DETAILED DESCRIPTION 

Metamaterials can be employed in radio frequency (RF) 
communications systems, including antennas, waveguides, 
phased arrays, radar Systems, etc. A metamaterial can be 
configured as an artificial dielectric material, an artificial 
magnetic material or a combination of both. In each configu 
ration, hybrid components, which are packaged in a manner 
similar to integrated circuit chips and operate as discrete 
circuit components are electrically coupled between conduc 
tive traces in an array of circuit elements. That is, the hybrid 
components can make electrical connections between con 
ductive traces in the array of circuit elements. The metama 
terial can be formed from stacks of flex circuit, such that the 
metamaterial can be pliable, lightweight and relatively inex 
pensive. Such a metamaterial can be implemented in a wide 
array of applications, including, but not limited to antennas, 
radar systems, phased arrays, etc. 

FIG. 1 illustrates an example of a metamaterial 2 that can 
be employed to facilitate RF communications. The metama 
terial can be implemented as an artificial dielectric material, 
an artificial magnetic material or as a combination of both. 
For instance, structural components for the metamaterial 2 
can be selected to provide a relative dielectric constant to 
form an artificial dielectric material. Alternatively, structural 
components for the metamaterial 2 can be selected to provide 
a relative permeability to forman artificial magnetic material. 
As another alternative, structural components for the 
metamaterial 2 can be selected to provide a surface imped 
ance to form a metamaterial that operates as both an artificial 
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dielectric material and an artificial magnetic material, such as 
an artificial magnetic conductor. The metamaterial 2 includes 
a flexible printed circuit board (“flex circuit 4'') provided as a 
substrate. The flex circuit 4 has a relatively low relative 
dielectric constant (e.g., less than 4) and is thin and light 
weight. As one example, the flex circuit 4 can be formed from 
a material such as KAPTONR). Although flex circuit 4 can be 
employed as a substrate for the metamaterial 2, other mate 
rials, such as a rigid circuit board could be employed as well. 
AnMxNarray of circuit elements 6 can be arranged on the 

flex circuit 4, wherein M and N are integers greater than or 
equal to one, which can be referred to as an element array 8. 
The element array 8 can be configured to provide one of a 
selected artificial dielectric and artificial magnetic material, 
or a combination of both. Each circuit element in the element 
array 8 can include at least two conductive traces that are 
separated by a gap (e.g., a non-conductive region of the flex 
circuit 4). One or more hybrid components can be mounted in 
the gap. Each circuit element 6 in the element array 8 can be 
configured the same or differently than other circuit elements 
6 in the element array 8. Although the circuit elements 6 are 
illustrated as being separated from each other, it is to be 
understood that throughout the description, in some 
examples, the circuit elements 6 can share common borders. 
Stacks of the flex circuit 4 can be employed to achieve desired 
performance characteristics of the metamaterial 2. Moreover, 
the stacks of the flex circuit 4 can be separated by a foam 
layer, and electrically coupled together with vias. 

FIG. 2 illustrates a plan view of an example of an artificial 
dielectric material 50 (e.g., a metamaterial) that includes a 
1xN element array of circuit elements 52 mounted on a flex 
circuit 54. In FIG.2, each circuit element 52 extends linearly 
between opposing edges (or near opposing edges) of the flex 
circuit 54. For purposes of simplification of explanation, in 
FIG. 2 only one layer of the artificial dielectric material 50 is 
illustrated, but is to be understood that the artificial dielectric 
material 50 could be implemented with multiple layers, as 
explained herein. In FIG. 2, the circuit elements 52 of the 
element array are configured as conductive traces 56 in and/or 
on the flex circuit 54 with hybrid components schematically 
illustrated as 58 mounted in gaps 60 of the conductive traces 
56. Although FIG. 2 (and other FIGS.) illustrates the gaps 60 
as including part of the traces 56, it is to be understood that the 
gaps 60 are implemented as non-conductive regions between 
the traces 56. In some examples, the hybrid components 58 
could be mounted on the conductive traces 56. For purposes 
of simplification of explanation, reference numbers have 
been added to only one of the circuit elements 52, but it is to 
be understood that other circuit elements could be imple 
mented in a similar or different manner. In FIG.2, each gap 60 
between conductive traces of the circuit element 52 includes 
two hybrid components 58 connected in parallel, but depend 
ing on the environment of implementation, any number and/ 
or configuration of hybrid components 58 can be employed. 
Each circuit element 52 can be coupled to different layers of 
the artificial dielectric by employing vias. Each circuit ele 
ment 52 can have a length of less than about one-eighth to 
about a half wavelength of a wave of interest, namely an 
electromagnetic wave induced on the circuit element 52. 

FIG. 3 illustrates a cross sectional view of an artificial 
dielectric material 100 (e.g., the artificial dielectric material 
50 illustrated in FIG. 2), with a stack (e.g., multiple) of layers. 
The layers of the artificial dielectric material 100 can include 
layers offlex circuit 102 and 104 that have hybrid components 
106 electrically coupled together by the employment of vias 
108. Furthermore, in some examples, such as illustrated in 
FIG. 3, one or more of the layers in the artificial dielectric 
material 100 can be implemented as a foam layer 110, and the 
artificial dielectric material 100 can include one or more 
layers of resistive material 112 with cooper traces on one or 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
both sides, on which one or more of the hybrid components 
106 can be mounted. Inclusion of the layers of resistive mate 
rial 112 can prevent damage to the artificial dielectric material 
100 due to electrostatic discharge (ESD). In some examples, 
such as the artificial dielectric material 100 illustrated in FIG. 
3, one or more hybrid components 106 can be mounted on a 
layer of resistive material 112, and be surrounded by a foam 
layer 110. Moreover, in some examples, the layers of resistive 
material 112 can have lateral variations in conductivity. In 
such a situation, the layers of resistive material 112 can be 
employed to provide control signals to one or more of the 
hybrid components 106. In some examples, the vias 108 can 
be implemented as pogo-pins that provide some compressible 
qualities. In this manner, the artificial dielectric material 100 
can be flexed (e.g., due to bending) without the loss of contact 
between the layers of the artificial dielectric material 100. 

FIG. 4 illustrates a perspective view of a three dimensional 
configuration for another example of an artificial dielectric 
material 150 (e.g., the artificial dielectric material 50 illus 
trated in FIG. 2) with layers of flex circuit 152. Each layer of 
flex circuit 152 can have conductive traces 154 with hybrid 
components 156 mounted thereon. The layers of flex circuit 
152 can be arranged in a slotted egg carte configuration. The 
hybrid components 156 from different layers of flex circuit 
152 can be electrically coupled together through the conduc 
tive traces 154 and with surface mount (SMT) male and 
female connectors 158 and 160. In such an example, the SMT 
male and female connectors 158 and 160 can provide a con 
ductive coupling between the layers of flex circuit 152. 

Referring back to FIG.2, each hybrid component 58 can be 
implemented as one or more hybrid components 58. A hybrid 
component 58 is a relatively small number of circuit compo 
nents (e.g., 100 or less) mounted on a substrate, such as a 
dielectric substrate (e.g., aluminum) and packaged in a man 
ner similar to an integrated circuit chip. The hybrid compo 
nents 58 can be configured as active components, such as 
Varactor diodes and/or passive components, such as resistors, 
capacitors and inductors. Both the resistors and capacitors 
can be implemented relatively simply. However, due to the 
inherent difficulties of implementing an inductor in a pack 
aged circuit, such as one of the hybrid components 58, an 
operational amplifier (Op Amp) configuration can be 
employed. Moreover, in certain applications, such as dis 
cussed herein, it may be desirable to provide a hybrid com 
ponent 58 that operates as an inductor with a negative induc 
tance. Some configurations of an Op Amp circuit can also be 
employed in this manner. 

FIG. 5 illustrates a schematic diagram of an example of an 
Op Amp circuit 200 that can be employed in a hybrid com 
ponent (such as a hybrid component 58 illustrated in FIG. 2) 
as an inductor with a positive inductance. In the Op Amp 
circuit 200, an impedance (Z) (labeled in FIG.5 as Zin) with 
a Substantial inductance can be measured between terminals 
202 and 204. As one example, a resistor, R (labeled in FIG. 
5 as RL) can be coupled to terminal 202, an inverting input 
terminal and an output terminalofan Op Amp 206. Moreover, 
a capacitor, C (labeled in FIG.5 as “C) can be coupled to the 
terminal 202 and a non-inverting terminal of the Op-Amp. A 
resistor, R (labeled in FIG.5 as “R”) can also be coupled to the 
non-inverting terminal of the Op Amp 206 and to the terminal 
204. A positive alternating current (AC) signal, i (labeled in 
FIG.5 as 'i') at a frequency (in radians) of () can be applied to 
the terminal 202. In such a configuration the impedance Z. 
for the Op Amp circuit 200 can be calculated by Equation 1: 

Z=RicoRRC 2 Equation 1: 

wherein: 
j is equal to V-1. 
FIG. 6 illustrates a schematic diagram of an example of an 

Op Amp circuit 250 that can be employed in a hybrid com 
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ponent (such as the hybrid component 58 illustrated in FIG.2) 
as an inductor with a negative inductance. In the Op Amp 
circuit 250, an impedance (Z) (labeled in FIG. 6 as Zin) with 
a Substantial negative inductance can be measured between 
terminals 252 and 254. As one example, a resistor, R (labeled 
in FIG. 6 as R1) can be coupled to terminal 252, a non 
inverting input terminal and an output terminal of an Op Amp 
256. Moreover, a capacitor, C (labeled in FIG. 6 as C’) can be 
coupled to the output terminal of the Op Amp 256 and an 
inverting terminal of the Op Amp 256. Another resistor with 
the same resistance is R (also labeled in FIG. 6 as R1) can 
also be coupled to the inverting terminal of the Op Amp 256 
and to terminal 254. A positive alternating current (AC) sig 
nal, i (labeled in FIG. 6 as 'i') at a frequency (in radians) of () 
can be applied to the terminal 252. In such a configuration the 
impedance Z for the Op Amp circuit 250 can be calculated 
by Equation 2: 

Z=-joCR? Equation 2; 

whereinj is equal to V-1. 
Referring back to FIG. 2, by employing hybrid compo 

nents 58, such as the Op Amp circuits 200 and 250 illustrated 
in FIGS. 5 and 6, nearly any impedance per unit volume of 
artificial dielectric material, which can be referred to as a unit 
cell, can be designed. The unit cell can represent a three 
dimensional circuit model for a given section of the artificial 
dielectric material 50, and can define per unit volume perfor 
mance characteristics for the artificial dielectric material 50. 
As one example, illustrated in FIG. 7, a unit cell 300 can be 
implemented as three RLC parallel tank circuits connected in 
series between two terminals 302 and 304. An RLC parallel 
tank circuit includes a resistor, and inductor and a capacitor 
connected in parallel. Each RLC parallel tank circuit can be 
implemented as a capacitor (labeled in FIG. 7 as C1, C2 and 
C3), an inductor (labeled in FIG. 7 as L1, L2 and L3) and a 
resistor (R1,R2 and R3) connected in parallel. Each capaci 
tor, inductor and resistor of each RLC parallel tank circuit can 
be implemented, for example, as a hybrid component. The 
hybrid components of each RLC parallel tank circuit could be 
mounted on the same or different layers of the artificial 
dielectric material. A complex impedance, Z for a first RLC 
parallel tank circuit of the three RLC parallel tank circuits can 
be calculated by Equation 3. 

1 Equation 3 

wherein: 
Z is the resistance (in ohms) of R1; 
Z, is 2 fl (wherein L is in henrys); 
Zo is 

-i 
2it for 

(wherein C is in farads); and 
f is frequency in Hz and j is equal to V-1. 
Using a similar equation to Equation 3, a complex imped 

ance, Z and Z, for the second and third RLC parallel tank 
circuits can also be calculated. Moreover, a mesh impedance 
(usually an inductance) Zo can be calculated by modeling 
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6 
software, employment of Waits formula, etc. A total com 
bined complex impedance, Z, can be calculated by Equation 
4. 

Z-Zo-Z+Z2+Z Equation 4. 

Moreover, a relative dielectric constant for the unit cell 300 
can be calculated. The relative dielectric constant for the unit 
cell 300 can be based, for example, on the physical dimen 
Sions of the unit cell 300. In the unit cell 300 illustrated in FIG. 
7, a horizontal length, L (labeled in FIG. 7 as LX), a 
vertical length, L (labeled in FIG. 7 as LY) and a depth 
length, L (labeled in FIG.7 as LZ) can define three-dimen 
sional boundaries of the unit cell 300. A unit cell size factor, 
C. can be calculated by Equation 5. 

Ly Equation 5 
6.73 x 10 in Hz: C. : 

wherein L. L and L are the unit cell 300 dimensions, in 
inches. 
Upon calculating the unit cell size factor, C., a complex 

relative dielectric constant, eE, for the unit cell 300 can be 
calculated with Equations 6, 7 and 8. 

C 1 ohm Equation 6 Re(e) = ; In ) f ZTot 

- C 1 ohm Equation 7 Im(e-) = Re ) f Ziot 

e = Re(e) + Im(e-)i. Equation 8 

Upon calculation of the complex relative dielectric con 
stant, 6, for the unit cell 300, in certain environments of 
application, it may be desirable to calculate an index of refrac 
tion, n, for the unit cell 300. In such a situation, if a substrate 
of the unit cell 300 (e.g., flex circuit) is relatively thin, 
whereby the Substrate makes a negligible (or nearly negli 
gible) contribution to the relative dielectric constant of the 
unit cell 300, the index of refraction, n, can be calculated by 
Equation 9. 

n=Wel. 
whereinu is the relative permeability of the unit cell 300, and 
can be assumed to be equal to 1. 

In the present example, the unit cell 300 can provide a 
refractive indeX profile for single (one dimensional) polariza 
tion (e.g., uniaxial anisotropy). Such as an electric field in the 
vertical (orY) direction of the unit cell 300 and propagation in 
the depth (Z) direction of the unit cell 300. 

Performance characteristics of the unit cell 300 can be 
measured and/or simulated. In one example, the unit cell 300 

Equation 9: 

can be configured with the following parameters defined in 
Table 1: 

TABLE 1 

Resistors Inductors Capacitors 
ohms nH pF 

R1 R2 R3 L1 L2 L3 C1 C2 C3 

2 9 230 2OO 18 2O 1OO 1 1 

Moreover, in the present example, L. L and L2 can each 
be 0.6 inches (e.g., a cube). In such an example, FIG. 8 
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illustrates a graph 350 depicting a refractive index for a 
metamaterial that employs the unit cell 300 plotted as a func 
tion of frequency in megahertz (MHz). FIG. 9 illustrates a 
graph of attenuation 400, in decibels percentimeter (dB/cm), 
of a metamaterial that employs the unit cell 300 in the present 
example plotted as a function of frequency, in megahertz 
(MHz). 

Referring back to FIG. 2, by employment of the artificial 
dielectric material 50, a relatively wide range of relative 
dielectric constants can beachieved. For instance, by employ 
ing an array of unit cells, such as the unit cell 300 illustrated 
in FIG. 7, a relative dielectric constant e, between values of 
about 2 and about 2000 can be realized. Moreover by employ 
ing such an array of unit cells, an index of refraction between 
about 1.414 and about 45 can be realized. Furthermore, by 
employing an array of the unit cells with multiple configura 
tions, a refractive index for two and three orthogonal direc 
tions can also be implemented. FIG. 10 illustrates an example 
of a unit cell 430 that can be employed to control a dielectric 
constant in three orthogonal directions. 

In the unit cell 430, three different capacitors (labeled in 
FIG. 10 as C1, C2 and C3), which could be implemented as 
hybrid components and conductive traces that extend perpen 
dicularly from a common node 432 to one of three terminals 
434, 436 and 438. Moreover, although the unit cell 430 is 
illustrated as being implemented with only capacitors, other 
components (e.g., inductors and/or resistors) could be 
employed as well. In some examples, each capacitor in the 
unit cell 430 could have the same capacitance, however in 
other examples each capacitor in the unit cell 430 could have 
a different capacitance. The unit cell 430 can have physical 
dimensions defined by L (labeled in FIG. 10 as LX), L. 
(labeled in FIG. 10 as “LY) and L (labeled in FIG. 10 as 
LZ). The unit cell 430 could be implemented, for example, 
with only capacitors to provide an artificial dielectric that is 
nearly dispersionless, broadband, and nearly lossless. For 
instance, an artificial dielectric employing the unit cell 430 
could be configured to provide an index of refraction between 
1.3 and at least 46. 

Referring back to FIG. 2, as noted, in Some examples, 
circuit components. Such as a varactor diode can be employed 
as the aforementioned hybrid components 58. In this manner, 
an artificial dielectric material 50 with a tunable (adjustable) 
relative dielectric constant and index of refraction can be 
realized. FIGS. 11 and 12 illustrate an example of a unit cell 
450 with a variable capacitance that can be employed to 
implement, for example, a tunable artificial dielectric mate 
rial (such as the dielectric material 50 illustrated in FIG. 2). 
FIG. 11 illustrates a plan view of the unit cell 450 while FIG. 
12 illustrates a cross sectional view of the unit cell 450. The 
unit cell 450 could be implemented, for example, in a phased 
array. The unit cell 450 can include first and second layers of 
flex circuit 452 and 454. As one example, the unit cell 450 can 
include first and second resistance layers 456 and 458 that can 
provide a predetermined resistance per square unit area (e.g., 
per square inch) such as about 100,000 Ohms per square unit 
area (S.2/square). The first and second layers offlex circuit 452 
and 454, formed, for example, from KAPTONR), can be 
disposed on the first and second resistance layers 456 and 
458, respectively. Resistance regions 460 and 462 with about 
a resistance of 5000 Ohms per square unit area can be dis 
posed on and/or within each of the first and second layers of 
flex circuit 452 and 454. Furthermore, a non-conductive foam 
layer 464 can be disposed upon the first layer of flex circuit 
452. Pogo-pins or male and/or female connectors 466 can be 
employed as vias to electrically couple different layers. 
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8 
The unit cell 450 can have hybrid components mounted 

throughout the unit cell 450 in the manner illustrated in FIGS. 
11 and 12. In the present example, the hybrid components can 
be implemented as resistors (labeled schematically in FIG. 11 
as “R), capacitors (labeled schematically in FIG.11 as “C) or 
varactor diodes, labeled schematically in FIG.11 as V). The 
unit cell 450 can include, for example, an input terminal 468 
coupled to a capacitor. For purposes of simplification of 
explanation, each hybrid component of a given type (resistor, 
capacitor and Varactor diode) can be assumed to have equal 
performance, but other implementations are possible. The 
unit cell 450 can have physical dimensions defined by L. 
(labeled in FIG. 11 as “LX), L (labeled in FIG. 11 as “LY) 
and L (labeled in FIG. 12 as LZ). 
The unit cell 450 can provide a variable impedance with 

significant capacitance effects upon the application of a con 
trol signal to the input terminal 468, Such that the impedance 
of the unit cell 450 varies as a function of an amplitude of the 
control signal, which could be implemented as a control 
voltage, labeled in FIG. 12 as V.. It is to be understood that 
in other examples, the control Voltage, V, could be imple 
mented as a control current. In this manner, specific imped 
ances for a current induced, i, by an electromagnetic wave can 
be achieved from design, tuning, or a combination of both. 

Referring back to FIG. 2, employment of an array of unit 
cells that includes the unit cell 450 illustrated in FIGS. 11 and 
12, the unit cell 430 illustrated in FIG. 10 and/or the unit cell 
300 illustrated in FIG. 7 can provide an artificial dielectric 
material 50 that provides almost no (e.g., about 0) magnitude 
of transmission reflections for a wide range of frequencies 
(e.g., about 130 MHz to about 20 GHz), thus, if the artificial 
dielectric material 50 is implemented in an antenna system, a 
relatively high antenna gain can be realized. Additionally, 
such an artificial dielectric material 50 can provide a nearly 
constant phase shift of about 90 degrees for an induced elec 
tromagnetic wave over a frequency range of about two 
decades (e.g., about 3 MHz to about 300 MHz) by having a 
refractive index that varies inversely with the frequency of the 
induced electromagnetic wave. By utilizing the artificial 
dielectric material 50, it is possible to provide a lightweight 
(e.g., 0.4 ounces per square feet), thin (e.g., about 0.1 inches), 
low-cost, tight tolerance and flexible material with superb 
performance characteristics. Such an artificial dielectric 
material 50 can be employed, for example, as a foldable 
antenna (e.g., mounted on an aircraft), an antenna for per 
Sonal and/or Small unit use. Such as an antenna mounted on a 
small vehicle and/or a mobile telephone, etc. 

FIG. 13 illustrates a plan view of an example of a layer of 
artificial magnetic material 500 (e.g., a metamaterial) that 
includes an MXN element array mounted on a flex circuit 502. 
The artificial magnetic material 500 can be employed, for 
example, in an RF communications system. For purposes of 
simplification of explanation, only one layer of the artificial 
magnetic material 500 is illustrated, but it is to be understood 
that additional layers could be employed in a manner 
described herein. In FIG. 13, the circuit elements 504 are 
configured a set of concentric loops of conductive traces 506 
and 508, namely an outer loop 506 and an inner loop 508, in 
the flex circuit 502 with hybrid components schematically 
illustrated as 510 that are mounted in gaps of the outer loop 
506 and inner loop 508. For purposes of simplification of 
explanation, only the details of one of the circuit elements 504 
include reference numbers, but it is to be understood that each 
of the circuit elements 504 could be implemented in a similar 
or different manner. Although the loops disclosed in FIG. 13 
are illustrated as being circular, other configurations (e.g., 
squares, rectangles, etc.) could also be employed. The hybrid 
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components 510 could be implemented, for example, as var 
actor diodes, transistors (field effect and/or bipolar junction) 
capacitors, inductors and resistors, such as those as described 
with respect to FIG. 2. Moreover, the hybrid components 510 
and/or the outer and inner loops 506 and 508 can be electri 
cally coupled to other layers of artificial magnetic material, 
such as in a manner illustrated with respect to FIGS. 3 and 4. 
Furthermore, as illustrated, one or more of the hybrid com 
ponents 510 can electrically couple the outer and inner loops 
506 and 508. Each of the outer and inner loops 506 and 508 
can have a total perimeter (e.g., a circumference) of less than 
or equal to a half of a wavelength of a wave at a frequency of 
interest, namely a wave induced on the artificial magnetic 
material. Employment of hybrid components 510 that operate 
as inductors and/or capacitors enables a resonant frequency 
for a given circuit element 504 to be virtually independent of 
the circumference of the outer and inner loops 506 and 508. 
By employing hybrid components 510, such as those 

described herein, a unit cell with nearly any 1-port impedance 
of artificial magnetic material can designed. Moreover, if unit 
cells of the artificial magnetic material 500 are implemented 
with only passive hybrid components 510, nearly any imped 
ance that satisfies Kramers-Kronig relations can be achieved. 
Equations 10-12 describe Kramers-Kronig relations for 
impedance. 

Z CCZ ') - Z. Eduation 10 Z(f) = 2f El Pafuto): quation 
O f/2 f2 

a 2 it. of Lx LY LZ 
co-co6+ icos 

= 1 - 

2 fZid (f) - f2 (f) Equation 11 
Zee(f) = - O f/2 - f2 

2 

t| Fo Lx LY LZ 
co? – coi+ icos 

diffur (co); 

= 1 - 

Z(f) = ZRE (f) + Zif (f)et-(co) Equation 12 
C 2 

it. of LX Ly LZ 
co? – coi+ icos 

= 1 - 

wherein: 
f is the frequency, in hertz of a signal induced on the 

artificial magnetic material 500. 
j is equal to V-1. 
FIG. 14 illustrates an example of a unit cell 550 with an 

equivalent circuit model 551, which could be employed as a 
unit cell of the artificial magnetic material 500 illustrated in 
FIG. 13. The hybrid components (e.g., the hybrid components 
510 illustrated in FIG. 13) of the equivalent circuit model 551 
can be mounted on a single layer of artificial magnetic mate 
rial (e.g. flex circuit) Such that the equivalent circuit model 
551 can be considered planar. The equivalent circuit model 
551 includes an outer loop 552 and an inner loop 554, wherein 
the outer and inner loops 552 and 554 are concentric and 
respectively correspond to the outer and inner loops 506 and 
508 of the circuit element 504 illustrated in FIG. 13. The inner 
loop 554 has a center point, schematically denoted as “X,Y”. 
and the inner loop has a radius, a schematically denoted as 
A. The unit cell 550 has physical dimensions L (labeled in 
FIG. 14 as LX), L (labeled in FIG. 14 as LY) and Le 
(labeled in FIG. 14 as LZ). 
The outer loop 552 can include, for example, a capacitor C 

(labeled in FIG. 14 as C1), an inductor L (labeled in FIG. 
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10 
14 as L1) and a resistor R (labeled in FIG. 14 as R1) 
connected in series. The inner loop 554 can include, for 
example, a resistor R2 (labeled in FIG. 14 as R2), an induc 
tor L2 (labeled in FIG.14 as L2), and a capacitor C (labeled 
in FIG. 14 as C2) connected in series. A coupling imped 
ance, Z (labeled in FIG. 14 as ZM) can represent, for 
example, one or more hybrid components (e.g., the hybrid 
components 510 illustrated in FIG. 13) that are employed to 
electrically couple the outer and inner loops 552 and 554. 
Moreover, a coupling capacitance between the outer and 
inner loops can be represented as C. (labeled in FIG. 14 as 
“CM). 

For purposes of simplification of explanation, in the 
present example, it will be presumed that C is about 0, R is 
equal to R, C is equal to C and L is equal to L. Such that 
the hybrid components of the unit cell 550 can simply be 
referred to as R. Land C, which are equivalent to R or R. L. 
or L, and C or C, respectively. Thus, the equivalent circuit 
model 551 can be simplified as a simple circuit with a resistor 
R, an inductor Land a capacitor C connected in a single series 
loop. In such an example, if the unit cell 550 is subject to an 
excitation magnetic field H with a frequency of () (in radians), 
a relative magnetic permeability (LL) for the artificial mag 
netic material can be calculated with Equation 13. 

Equation 13 

wherein: 
j is equal to V-1 

is the damping factor (due to R) of the equivalent circuit 
model 551; and 

coo is the resonant frequency (in radians) of the equivalent 
circuit model 551, which can be calculated by Equation 
14. 

1 Equation 14 
(00 = - E: 

WLC 

wherein: 
L is equal to the inductance (in Henry's) of L, and 
C is equal to the capacitance (in Farads) of C. 
Referring back to FIG. 13, by employment of unit cell, 

such as the unit cell 550 illustrated in FIG. 14, a relative 
magnetic permeability for the artificial magnetic material of 
about -10 to about 10 can be achieved. 

FIG. 15 illustrates a plan view of another example of a 
metamaterial 600. The metamaterial 600 can be employed, 
for example as a combination of an artificial dielectric mate 
rial and an artificial magnetic material. The metamaterial 600 
can include M columns of circuit elements 602 that are over 
lapped by N rows of circuit elements 603. It is to be under 
stood that the columns of circuit elements 602 and the rows of 
circuit elements 603 can be implemented on different layers 
of the metamaterial 600, such that the columns of circuit 
elements 602 and the rows of circuit elements 603 are elec 
trically isolated from each other, such as illustrated in FIG. 
15. Each column circuit element 602 can include a plurality of 
conductive traces 604 separated by gaps 606. For purposes of 
simplification of explanation, only one column circuit ele 
ment 602 is labeled, but it is to be understood that other 
column circuit elements 602 could be implemented in a simi 
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lar or different fashion. Hybrid components, schematically 
illustrated as 608 are electrically coupled between the con 
ductive traces 604. That is, the hybrid components 608 can 
make electrical connections between conductive traces 604. 
The rows of circuit elements 603 can be implemented in a 
similar fashion. 
By configuring the hybrid components 608 in various 

ways, such as those described herein, nearly any Surface 
impedance for the metamaterial 600 can be achieved. FIGS. 
16 and 17 illustrate an example of a unit cell 650 with a 
predetermined impedance, which unit cell 650 can be 
employed in the metamaterial 600 illustrated in FIG. 15. FIG. 
16 illustrates a plan view of the unit cell 650, while FIG. 17 
illustrates a cross sectional view of the unit cell 650. The unit 
cell 650 could be employed, for example, in an artificial 
magnetic conductor. The unit cell 650 can include a conduc 
tive substrate layer 652 and an artificial dielectric layer 654, 
with a relative dielectric constant, e, of about 500. The arti 
ficial dielectric layer 654, could be implemented, for example 
as the artificial dielectric material 50 illustrated in FIG. 2 
(including the unit cell 430 illustrated in FIG. 10), the dielec 
tric material 150 illustrated in FIG. 4, etc. A planarizing layer 
656 can be applied over the artificial dielectric layer 654. The 
planarizing layer 656 can be implemented, for example, as a 
fluorosilicone polymer. The unit cell 650 can have physical 
dimensions, L (labeled in FIG. 16 as LX), L (labeled in 
FIG.16 as “LY) and L (labeled in FIG. 17 as LZ). Hybrid 
components 658 can be mounted on the artificial dielectric 
layer 654. Vias 660 can electrically couple the hybrid com 
ponents mounted on the artificial dielectric layer 654 to the 
conductive Substrate layer 652. In some examples, such as 
described herein, the hybrid components 658 can be config 
ured to operate as inductors with a negative inductance. Such 
as illustrated in FIG. 6. In Such a situation, Supply Voltages, 
labeled in FIG. 17 as V+ and V- can be applied to the 
hybrid components 658 to power, for example active compo 
nents of the hybrid components 658 (e.g., an operational 
amplifier). 
The unit cell 650 can be configured, for example, as two 

inductors (labeled in FIG.16 as L) that are oriented perpen 
dicularly relative to each other, as illustrated in FIG. 16. In 
one example, the inductors can provide an inductance of -9 
nano-Henries (nH). The unit cell 650 can be electrically 
coupled to adjacent unit cells via terminals 662. 

Referring back to FIG. 15, by configuring the metamaterial 
600 to implement the unit cell 650 illustrated in FIGS. 16 and 
17, the metamaterial 600 can provide performance character 
istics of both an artificial dielectric material and an artificial 
magnetic material. In Such a situation, the metamaterial 600 
could be implemented as an artificial magnetic conductor. In 
other examples, the metamaterial 600 could be configured as 
a surface wave absorber. FIGS. 18 and 19 illustrate an 
example of a unit cell 700 that could be implemented in a 
surface wave absorber. 

FIG. 18 illustrates a plan view of the unit cell 700, while 
FIG. 19 illustrates a cross Sectional view of the unit cell 700. 
The unit cell 700 can include a conductive substrate layer 702 
and an artificial dielectric layer 704, with a relative dielectric 
constant, eE of about 500. The artificial dielectric layer 704, 
could be implemented, for example as the artificial dielectric 
material 50 illustrated in FIG. 2 (including the unit cell 430 
illustrated in FIG. 10), the dielectric material 150 illustrated 
in FIG.4, etc. The unit cell 650 can have physical dimensions, 
L (labeled in FIG. 18 as “LX), L (labeled in FIG. 18 as "LY) 
and L (labeled in FIG. 19 as LZ). Hybrid components 706 
can be mounted on the artificial dielectric layer 704. Vias 708 
can electrically couple the hybrid components 706 mounted 
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12 
to the artificial dielectric layer 704, to the conductive sub 
strate layer 702. In some examples, such as described herein, 
some of the hybrid components 706 of the unit cell 700 can be 
configured to operate as inductors with a negative inductance, 
Such as illustrated in FIG. 6. In Such a situation, Supply 
voltages, labeled and FIG. 19 as V+ and V-can be applied 
to the hybrid components 706 to power, for example active 
components of the hybrid components 706 (e.g., an opera 
tional amplifier). 
The unit cell 700 can be configured, for example, as a first 

set of a resistor and an inductor 710, labeled in FIG. 18 as 'R' 
and L oriented parallel to each other. A second set of a 
resistor and an inductor 712 can also be oriented parallel to 
each other. Moreover, the first and second sets of resistors and 
inductors 710 and 712 can be electrically decoupled and 
oriented perpendicularly to each other, as illustrated in FIG. 
18. In one example, the inductors can provide an inductance 
of-9 nH, and the resistors can be configured to provide a 
resistance of about 1000 Ohms. The unit cell 700 can be 
electrically coupled to adjacent unit cells via terminals 714. 

Referring back to FIG. 15, by configuring the metamaterial 
600 to implement the unit cell 650 illustrated in FIGS. 16 and 
17 and/or the unit cell 700 illustrated in FIGS. 18 and 19, the 
metamaterial 600 can be configured to provide performance 
characteristics of both an artificial dielectric material and an 
artificial magnetic material, as noted herein. For instance, the 
metamaterial 600 can be configured to provide a broadband 
large Surface impedance. Thus, as noted, the metamaterial 
600 could be implemented as a surface wave absorber or an 
artificial magnetic conductor. 

FIG. 20 illustrates an example of an anti-jam system 800 
that can employ a metamaterial 802, such as the artificial 
dielectric material 50 illustrated in FIG.2 with an array of unit 
cells 803, such as the unit cell 300 illustrated in FIG. 7, the 
unit cell 430 illustrated in FIG. 10 and/or the unit cells 450 
illustrated in FIGS. 11 and 12. The anti-jam system 800 can 
be implemented in a radar system or a communication system 
and can be employed to filter outajamming signal 804, which 
jamming signal 804 is provided to interfere with the radar 
system. In such an example, the metamaterial 802 can be 
coated with a tapered resistance film 806 that can include a 
low resistance region 808 around a periphery (e.g. about 5 
Ohms per square unit area) of the metamaterial 802 and a high 
resistance region 610 (e.g., about 1000 Ohms per square unit 
area) that circumscribes a center of the metamaterial 802. 
The refractive index of one or more unit cells 803 in the 

metamaterial 802 can be tuned (e.g., by a control signal. Such 
as a control Voltage) to operate as a converging lens. In other 
examples, fixed capacitors could be employed to operate as 
the converging lens. In either situation, the resultant converg 
ing lens operates as a spatial filter that can separate ajamming 
signal 804 from a desired signal that is transmitted to a detec 
tor array 814. Separation of the jamming signal 804 from the 
desired signal would allow a radar system coupled to the 
detector to operate properly in spite of reception of the jam 
ming signal 804. 

FIG. 21 illustrates an example of a phased array 850 that 
can employ a metamaterial 852, such as the artificial dielec 
tric material 50 illustrated in FIG. 2 with an array of unit cells 
854, such as the unit cell 300 illustrated in FIG. 7, the unit cell 
430 illustrated in FIG. 10 and/or the unit cells 450 illustrated 
in FIGS. 11 and 12. A phased array is a group of antennas in 
which the relative phases of the respective signals feeding the 
antennas are varied in Such a way that an effective radiation 
pattern of the array is reinforced in a desired direction and 
suppressed in undesired directions. The phased array 850 can 
be configured to independently tune performance character 
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istics (e.g., gain and/or phase shifts) at the unit cells 854 (or 
certain groups of the unit cells 854. Such as groups spanning 
about /2 of a wavelength of interest in each direction) of the 
metamaterial 852 for an incoming signal 856 thereby direct 
ing and reinforcing the incoming signal 856 passing through 
the metamaterial 852 toward a low gain antenna 858, such as 
a feed horn. In other examples, the same (or similar) metama 
terial 852 can direct an out-going signal 860 into any of 21. 
steradians of Solid angle. 

In view of the foregoing structural and functional features 
described above, example methodologies will be better 
appreciated with reference to FIG. 22. While, for purposes of 
simplicity of explanation, the example methods of FIG.22 are 
shown and described as executing serially, it is to be under 
stood and appreciated that the present examples are not lim 
ited by the illustrated order, as some actions could in other 
examples occur in different orders and/or concurrently from 
that shown and described herein. 

FIG. 22 illustrates an example of a flow chart for an 
example of a method 900 for fabricating a metamaterial (e.g., 
the metamaterial 2 illustrated in FIG. 1) that can be employed 
in an RF communications apparatus. The method 900 can be 
implemented, for example, via robotic circuit fabrication 
techniques. The metamaterial can be implemented, for 
example, as an artificial dielectric (e.g., the artificial dielectric 
50 illustrated in FIG. 2) and/or as an artificial magnetic mate 
rial (e.g., the artificial magnetic material 500 illustrated in 
FIG. 13), or a combination of both (e.g., the metamaterial 600 
illustrated in FIG. 15). At 910, a flex circuit can be provided. 
At 920, an array of circuit elements can be arranged to elec 
trically couple at least one hybrid component to a conductive 
trace in each element to provide at least one of a predeter 
mined relative dielectric constant and a predetermined rela 
tive magnetic permeability for the metamaterial. 
As noted by the arrow at 930, the actions at 910 and 920 can 

be repeated to form multiple layers for the metamaterial. In 
the present example, it will be presumed that two layers of the 
metamaterial are formed, namely first and second layers of 
metamaterial, but more or less layers of metamaterial could 
be formed in some examples. At 940, the first and second 
layers of the metamaterial are stacked to provide a unit cell 
that defines performance characteristics per unit volume of 
the metamaterial. The unit cell can be implemented to provide 
time invariant performance characteristics, for example by 
employing the unit cell 300 illustrated in FIG. 3. Additionally 
or alternatively, the unit cell can be implemented in a manner 
similar to the unit cell 450 illustrated in FIGS. 11 and 12, such 
that the performance characteristics of the unit cell vary as a 
function of an amplitude of a control signal. Such as a control 
voltage. At 950, the performance characteristics of the unit 
cell are varied by changing the amplitude of the control sig 
nal. 
What have been described above are examples. It is, of 

course, not possible to describe every conceivable combina 
tion of components or methods, but one of ordinary skill in the 
art will recognize that many further combinations and permu 
tations are possible. Accordingly, the invention is intended to 
embrace all such alterations, modifications, and variations 
that fall within the scope of this application, including the 
appended claims. 
What is claimed is: 
1. A metamaterial for a radio frequency communications 

apparatus, the metamaterial comprising: 
a flex circuit; and 
an array of circuit elements mounted on the flex circuit, 

wherein each of the circuit elements comprises: 
a conductive trace; and 
at least one hybrid component electrically coupled to the 

conductive trace; 
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14 
wherein the metamaterial is configured as an artificial 

dielectric material, and the at least one hybrid compo 
nent further comprises an impedance that varies as a 
function of an amplitude of a control signal to provide 
tunable properties of the metamaterial. 

2. The metamaterial of claim 1, wherein the metamaterial is 
configured as an artificial dielectric material, and the at least 
one hybrid component further comprises an RLC parallel 
tank circuit. 

3. The metamaterial of claim 2, wherein the at least one 
hybrid component comprises a plurality of capacitors. 

4. The metamaterial of claim 2, wherein the metamaterial is 
configured to provide an index of refraction greater than 3. 

5. The metamaterial of claim 1, wherein the metamaterial is 
configured as one of an artificial magnetic conductor and a 
surface wave absorber, and the at least one hybrid component 
provides a negative inductance. 

6. The metamaterial of claim 1, wherein the metamaterial is 
configured as an artificial magnetic material, such that each of 
the circuit elements comprises a loop. 

7. The metamaterial of claim 6, wherein each of the circuit 
elements comprises a pair of concentric loops. 

8. An anti-jam system for a radar system that comprises the 
metamaterial of claim 1, wherein the metamaterial is config 
ured as a lens having a positive relative dielectric constant to 
filter an incoming jamming signal provided toward the radar 
system. 

9. The anti-jam system of claim 8, further comprising a 
resistive film disposed on the artificial dielectric material. 

10. The anti-jam system of claim 9, wherein the resistive 
film comprises a high resistance region and a low resistance 
region. 

11. A phased array comprising the metamaterial of claim 1, 
wherein the metamaterial comprises a plurality of unit cells 
that have independently controllable performance character 
istics to direct an incoming electromagnetic wave toward an 
antenna, and/or direct an out-going electromagnetic wave in 
any of 2It steradians of solid angle. 

12. A radio frequency communications apparatus includ 
ing an artificial dielectric material, the artificial dielectric 
material comprising: 

a plurality of layers of flex circuit that are stacked relative 
to each other, wherein each layer of flex circuit of the 
plurality of layers of flex circuit includes an array of 
circuit elements mounted thereon, wherein each circuit 
element of the array of circuit elements comprises: 
conductive traces that are separated by a gap and extend 

linearly; and 
a hybrid component mounted in the gap to electrically 

couple the conductive traces; 
wherein the artificial dielectric material is configured to 

define a plurality of unit cells that define per unit volume 
performance characteristics of the artificial dielectric 
material. 

13. The artificial dielectric material of claim 12, wherein 
each unit cell is configured to define an RLC parallel tank 
circuit for current conduction in three different orthogonal 
directions. 

14. The artificial dielectric material of claim 12, wherein at 
least two of the layers of flex circuit of the plurality of layers 
of flex circuit are electrically coupled by a pogo pin. 

15. The artificial dielectric of claim 12, wherein at least two 
of the layers of flex circuit of the plurality of layers of flex 
circuit are separated by a foam layer. 

16. The artificial dielectric of claim 12, wherein at least two 
of the layers of flex circuit are electrically coupled by male 
and female Surface mount connectors. 
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17. The artificial dielectric of claim 12, wherein the artifi 
cial dielectric provides a relative dielectric constant greater 
than 1000. 

18. A method for fabricating a layer of metamaterial for a 
radio frequency communications apparatus, the method.com 
prising: 

providing a flex circuit; 
arranging an array of circuit elements to electrically couple 

at least one hybrid component to a conductive trace in 
each circuit element to provide at least one of a prede 
termined relative dielectric constant and a predeter 
mined relative magnetic permeability for the metamate 
rial. 

19. The method of claim 18, wherein the layer of metama 
terial is a first layer of metamaterial, the method further 
comprising: 

repeating the method of claim 18 to form a second layer of 
metamaterial; 

stacking the first and second layers of metamaterial to 
provide a unit cell that defines performance characteris 
tics per unit volume of the metamaterial. 

20. The method of claim 19, further comprising varying the 
performance characteristics of the unit cell by changing an 
amplitude of a control signal. 
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